We tested predictions of the hypothesis that pectin methylesterase in the root cap plays a role in cell wall solubilization leading to separation of root border cells from the root tip. Root cap pectin methylesterase activity was detected only in species that release large numbers of border cells daily. In pea (Pisum safivum) root caps, enzyme activity is correlated with border cell separation during development: 6-fold more activity occurs during border cell separation than after cell separation is complete. Higher levels of enzyme activity are restored by experimental induction of border cell separation. A corresponding increase in transcription of a gene encoding root cap pectin methylesterase precedes the increase in enzyme activity. A dramatic increase in the level of soluble, deesterified pectin in the root tip also is correlated with pectin methylesterase activity during border cell development. This increase in acidic, de-esterified pectin during development occurs in parallel with a decrease in cell wall/apoplastic pH of cells in the periphery of the root cap.
Plants of many species produce thousands of healthy somatic cells, which separate physically from the tip of the root and are released into the extemal environment (Knudson, 1919) . We refer to these cells as root "border" cells to emphasize that under natural conditions populations of the cells constitute a physical and biological interface between the root surface and the soil environment (Hawes, 1990) . Root border cells constitute a uniquely differentiated "tissue" whose proposed function is to protect the growing root tip by regulating the balance of beneficial and pathogenic microorganisms in the rhizosphere (Hawes, 1990 ). This hypothesis is based on observations of genotype-specific and cell-specific effects of border cells on microbial behavior, development, and ability to form stable associations with roots (Sherwood, 1987;  reviewed by Hawes and Brigham, 1992; Hawes et al., 1993) .
Plants regulate border cell release during development and in response to environmental cues (Hawes and Lin, 1990) . When roots are grown in agar, where the separation of border cells can be monitored easily, an individual root may continually release border cells, which ensheath the root from crown to the tip, or it may release cells only intermittently (Hawes and Brigham, 1992) . Such differences have no obvious effect on growth rate or on ability of roots to penetrate semisolid media. However, the presence or absence of so ' This work was supported by a grant to M.C.H. from the U.S.
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739 much organic matter, let alone living cells, is likely to have a significant effect on the physical and biological properties of the rhizosphere.
Plant genes controlling border cell separation are not known, but bacterial genes encoding hydrolytic enzymes have been shown to cause plant cell separation by degrading pectic compounds in the cell wall (Collmer and Keen, 1986; Koutojansky, 1987) . The process of border cell separation involves the complete dissociation of individual peripheral root cap cells from each other and from root tissue, yielding a population of single, osmotically stable cells with intact cell walls (Knudson, 1919) . Pectate lyases and PG that depolymerize pectic polysaccharides by cleaving intemal linkages are required for cell-wall degradation. However, these enzymes have little activity on methylated pectin, which predominates in plant cell walls (O'Neill et al., 1990) . PME deesterifies pectin by removing methoxyl groups to produce methanol and PGA, a substrate that is susceptible to degradation by PG and pectate lyase. PME has been detected in most tissues of plants and in a large number of species, but its function(s) in plant growth and development are unknown (Tieman et al., 1992; Cosgrove, 1993; Hall et al., 1993) . Our objective was to test predictions of the hypothesis that PME activity in the root cap of pea (Pisum sativum) plays a role in border cell separation. We demonstrated that PME enzyme activity and expression of a PME-encoding gene in the root cap are correlated with border cell separation. In addition, an increase in water-soluble, de-esterified pectin, or PGA, that occurs during border cell development corresponds to a decrease in the pH of walls of peripheral root cap cells.
MATERIALS AND METHODS

Plant Material
Pea (Pisum sativum, cv Little Marvel or Alaska; Royal Seeds, Kansas City, MO) seeds were surface sterilized by immersion for 10 min in 50% ethanol and then for 30 min in full-strength commercial bleach. Seeds were rinsed in 1 L' of sterile water and immersed for 30 min in 50% commercial bleach before being rinsed in water. Seeds that floated or were swollen or discolored were discarded at each stage. Seeds were placed onto plates containing 0.8% agar overlaid with sterile germination paper and incubated at 22 to 24OC until radicles emerged after 4 to 5 d. Lengths of roots varied according to experiment. In some experiments, border cells were removed as described by Hawes and Lin (1990) by immersion of the tips (2-3 mm) of intact roots in sterile water for 1 to 2 min, followed by gentle agitation of the water with a Pasteur pipette.
Enzyme Extraction and Purification
PME was extracted from excised root tips (1-2 mm); all steps in the enzyme isolation were carried out at OOC. Root tissue was ground in a glass tissue grinder in water and then centrifuged to pellet cell-wall material. The pellet was mixed with unbuffered 4% (w/v) NaCl in water, incubated on ice for at least 1 h, and centrifuged. The supematant was mixed with 30% ammonium sulfate on ice for 30 min and centrifuged, and the procedure was repeated with 70% ammonium sulfate. The supematant was desalted with a PD-10 Sephadex column (Pharmacia) and then fractionated on a DEAE-Sephacyl ion-exchange column (Pharmacia) as described by Lin et al. (1989) . Column beads were equilibrated with 10 m~ Tris-HC1 (pH 7.1). The gradient was 150 to 600 m~ NaCl in 10 m~ Tris-HC1 (pH 7.1). All eluent was collected in 0.5-mL aliquots, which were tested for PME activity by the titration assay described below. Samples with PME activity were combined and concentrated using a Centricon 10 microconcentrator (Amicon Co., Beverly, MA). The concentrated eluate was applied to a Sephadex G-75 column (1.0 X 40 cm) and pre-equilibrated with 10 m~ Tris-HC1 (pH 7.1), with 5% isopropyl alcohol and 4% (w/v) NaCl. Fractions were collected in I-mL aliquots, which were concentrated to 250 pL using a microconcentrator. Each fraction was assayed for PME activity using a litmus paper assay to detect a change in pH: 100 pL of sample were combined with 100 pL of pectin (Sigma; 85% galacturonic acid, 9.5% methoxy) in replicate wells of a microtiter plate containing a 1.5" strip of 'Precision" blue litmus paper (Curtin-Matheson Scientific, Houston, TX). Samples were considered positive if a color change indicating a decrease in pH was detected within 1 h.
Measurement of PME Activity
Gel Formation Assay
Enzyme preparations (100 pL) were mixed 1:l with 1%
pectin. The presence of PME was detected by an increase in viscosity culminating in the formation of a gel (Yamaoka et al., 1983) .
Titration Assay
Enzyme preparations (10-100 pL) were added to 3 mL of 0.1% (w/v) citrus pectin in water. The pH was maintained at 7.15 (unless otherwise indicated) for 5 min by adding 0.01 M NaOH dropwise from graduated pipet tips. The amount of activity was calculated based on the quantity of NaOH required to maintain a constant pH (Moustacas et al., 1986) . One unit of activity is defined as that amount needed to catalyze the release of 1 pmol of carboxyl groups in 1 min. Results represent the means of at least three independent experiments. Plant Physiol. Vol. 106, 1994
RNA Blot Analysis
For RNA gel blot analysis, 1 pg of mRNA from 30 to 40 root tips (1-2 mm) was denatured in Mops, formaldehyde, and formamide and fractionated on a 1% demturing gel, transferred to a Hybond-N membrane (Amershani) with lox SSC, and hybridized at 68OC with random primer 32P-labeled probes using the Prime IT I1 kit (Stratagene). Blotting procedures were according to standard protocols. The probe consisted of 1.0 kb from the 3' end of PsPEI, a PME-encoding cDNA clone selected from a cDNA library from p1. a root caps induced for border cell separation and PME activty (F. Wen, K.K. Oishi, and M.C. Hawes, unpublished results,).
Immunoreactivity
The monoclonal antibody JIM5 was a gft from Keith Roberts (John Innes Institute, Norwich, England; Knox et al., 1991) . JIM5 reacts with unesterified pectin and PGA with up to 50% esterification.
Detection of pectin in roots, rangmg in length from 1 to 25 mm, was carried out as follows: Root tips (approximately 1 mm) from 25 roots were extracted in a glass tissue grinder on ice and centrifuged at high speed for 5 min. The, pellet was extracted by adding 100 pL of extraction medium (0.1 M EDTA plus 4% NaCl in water, unbuffered) at 100°C. After incubation at room temperature for 30 min, the nzixture was centrifuged for 5 min at high speed. Samples (1 pL) of the water extract or NaCl extract were spotted on nitrocellulose membrane and allowed to air dry. The reaction was processed using the Bio-Rad Immuno-Blot Assay. The prima y antibody dilution was 195, and secondary anti-rat IgG was 1:3000.
Controls included extraction buffer or BSA. Each experiment was repeated at least four times, with reproducible changes in degree of intensity of the reactions during devdopment.
Fluorescein Assay for Cell Wall/Apoplastic pH
A semiquantitative assay was developed to measure in situ cell wall/apoplastic pH. The assay is based on empirical observations by Dorhout and Kolloffel(l992) that cells in the root tip of pea take up fluorescein irreversibly when the pH of the apoplast is less than 5.6 but not when the p1-I is greater than 6.0. Differences in pH of peripheral cell walls at the time of staining were detected by counting the proportion of living border cells that were fluorescent when they separated from the treated root several hours later. Roots were incubated for 15 min in fluorescein and then washed for 1 h to remove excess dye; border cells were collected aftir 6 h, and the number of fluorescent border cells was counted. To confirm that staining of border cells corresponded to uptake into root cap cells as described by Dorhout and Kolloffel (1992) , roots were incubated in buffered fluoresce,in (0.01%) at pH values from 5.4 through 6.5. To detect changes in pH of cell walls in the root cap in situ, roots were incubated in unbuffered fluorescein before assay.
RESULTS
Detection of PME Activity in Pea Roots
PME activity can be detected by an increase in viscosity resulting from de-esterification of pectin to form negatively charged PGA; in the presence of cations, the acidic polymers form a gel (Yamaoka et al., 1983) . A crude extract of four root caps of pea in 100 PL of pectin induced gel formation within 60 min. PME activity also can be measured by a change in pH, which occurs as a result of the release of the acidic polysaccharide PGA from neutral pectic compounds (Moustacas et al., 1986) . In the titration assay, a single root cap contained up to 0.08 unit of PME. The titration assay was used routinely because it is more sensitive and quantitative than the gel assay.
A significant amount of PME activity in 25-mm pea root caps was found to be water soluble. Root tips were extracted into water, and the pellet of water-insoluble cell-wall material was then extracted into 4% NaC1. Among eight independent experiments, 20 k 4% of total PME activity was detected in the supematant after extraction in water alone. Most of the activity (80 k 4%) was extractable in 4% NaCl and, therefore, was presumably bound to the cell wall. No activity was detected in the medium without extraction.
Border cells contained no PME activity. Whether measured by the gel assay or titration assay, no activity was detected in the medium of border cell suspensions or in extracts of the cells. Even samples concentrated from more than 1000 root tips (approximately 3.5 x lo6 border cells, 500 mg fresh weight, 500 Pg of protein) exhibited no measurable PME activity (data not shown).
A 40-to 50-fold increase in specific activity of the PME from root caps was achieved (Table I ). An increase in total units of activity occurred in 36 of 56 independent experiments as a result of ammonium sulfate fractionation. On DEAESephacel columns, a single broad peak of activity occurred. When fractions were subjected to SDS-PAGE, the presence of more than 10 proteins still could be detected. Attempts to detect enzyme activity of individual proteins in nondenaturing gels were not successful (as described by Goldberg et al., 1992) . Activity of root cap PME was stable at -2 O O C for more than 1 year. Activity occurred over a broad pH range from 5.1 to 7.4 but was 10-fold higher at 7.4 than at 5.1. No activity was detected below pH 5.1; pH 7.4 was the highest included because slight alkaline de-esterification occurs at values approaching 8.0 (Moustacas et al., 1986) .
PME Activity in Root Caps of Other Species
A change in pH was used to detect PME in crude extracts of root caps of alfalfa, sunflower, com, and Arabidopsis thaliana. The only species in which significant PME activity was not detected was A. thaliana. Under the conditions used in this study, A. thaliana roots did not release border cells during early development. In addition, when A. thaliana roots were grown for 3 weeks in water agar, in which border cell separation can be monitored microscopically, border cell separation was not detected, although entire root caps appeared to break from the tip occasionally.
Developmental Variation in PME Activity in Root Caps of Pea PME levels varied significantly according to developmental stage and were correlated with border cell separation ( Fig. 1 ; Table 11 ). Enzyme activity was highest during emergence of the radicle and remained high until the roots were 15 mm in length, at which time PME levels decreased and remained low through 25 mm. This corresponds to the time when most border cells of pea have separated from the root and from each other: border cell number reaches a maximum when roots reach 25 mm in length and then remains largely stable at 3400 cells/root, if the cells are not removed ( Fig. 1 ; Hawes and Lin, 1990). When border cells were not removed, PME activity remained low through 30 mm.
Induction of PME Activity by Removal of Border Cells
Border cell separation is induced by removing border cells from 25-mm roots; new border cells can be collected several hours after the old cells are removed (Hawes and Lin, 1990; Fig. 1 ). When border cells were removed by washing them from the root tip, PME activity began to increase again within 2.5 h and within 5 h had increased by more than 100% (Fig. 1) .
Induction of PME activity also was detectable by the gel assay. Extracts of 25-mm roots with a full complement of border cells did not induce gel formation even after incubation periods of 16 h or more. In contrast, roots extracted 2 h Table 1 . lncrease in specific activity of pea root cap PME by partial purification Root tips (1-2 mm) of 203 roots (25 mm in length) were extracted in unbuffered 4% (w/v) NaCl on ice. After 30 min, the mixture was centrifuged. Ammonium sulfate crystals were added to the supernatant to a concentration of 30%. After 30 min o n ice, the mixture was centrifuged and ammonium sulfate added to t h e supernatant to a concentration of 70%. After the sample was centrifuged, the supernatant was desalted o n a PD-10 Sephadex column and then fractionated on a DEAE-Sephacyl ion-exchange column. Fractions with activity in a single broad peak were concentrated using a microconcentrator. PME activity was measured at each step using the titration assay; the assay and detailed protocols for purification steps are provided in "Materials and Methods." Correlation of PME activity with border cell separation during development. PME activity is shown in relationship with number of border cells (top) (from Hawes and Lin, 1990) and with root length (bottom). Root tips (n = 25, 1 mm) with border cells were excised from roots ranging in length from 1 through 25 mm, extracted, and assayed as described in "Materials and Methods." At 25 mm, border cells were removed from roots (arrow), and root tips were extracted and assayed at t h e indicated intervals. Values represent the means of samples from at least three experiments; SE values were less 15% of the mean. after border cells were removed induced gel formation within 60 min in 10 independent experiments (data not shown).
Induced Transcription of a PME-Encoding Gene in Root Caps by induction of Border Cell Separation
PsPEl, a gene with 80% homology to known PME-encoding genes, has been cloned from a pea root cap library (F. Wen, K.K. Oishi, and M.C. Hawes, unpublished results). PsPEZ mRNA was not detectable in 25-mm roots with a full complement of border cells (Fig. 2, lane 1) . Within 1.5 h after removal of border cells, before PME levels increased or new border cells could be collected, a single mRNA species homologous to PsPEZ was readily detectable (Fig. 2, lane 2) .
Other Factors Affecting PME Activity in Root Caps of Pea PME levels varied among some experiments. Although PME activity was always correlated with border cell separation, as illustrated in Figure 1 , the absolute amounts of PME at a givcm developmental stage vaned significani ly between some experiments. For instance, total units of PhlE/root cap from a 25-mm root, with border cells (uninducl?d), ranged from O in one experiment to 0.03 unit/root in a separate experiment. Some of the variation can be accounted for by lack of synchrony in developmental stage at specific root lengths, but it is likely that other factors affect Ph4E levels as well.
We tested the impact of several variables on enzyme activity (data not shown). Levels of PME from root caps of two different cultivars (Little Marvel and Alaska) werfb not different from each other. An effect of circadian rhythms was tested by measuring enzyme levels during different times of the day; no significant differences were detected. No significant differences in PME levels were detected whether peas were germinated in total darkness or in 12 h of li;;ht/l2 h of dark. Seedlings grown to 25 mm at 10, 15, 20, 24, and 3OoC exhibited comparable PME activities; no changes in number of border cells or units of PME activity per root we'e observed at the different temperatures.
Developmental Changes in Reactivity with JIM5, a Monoclonal Antibody That Detects De-Esterified Pectin
JIM5 was used to demonstrate that changes in degree of esterification of pectin in the root cap occur during development (Fig. 3) . JIM5 reacts immunologically to de-esterified pectin and, with decreasing intensity, to pectin containing up to 50% esterification ( b o x et al., 1991, see below). In 1-mm roots, there was little or no substrate that reacted with JIM5 ( Fig. 3; Table 11 ). In roots 5 mm or longer, after border cells begin to separate from the cap, reactive substrate was present both in the cell wall and in the water-soluble fraction. The amount of substrate that was cell-wall bound was highest in 5-to 10-mm roots, just before and after the time when cell separation begins, and then the reaction decreased in intensity. In contrast, the amount in the water-soluble fraction Values are based o n changes in uptake of fluorescein, as illustrated in Figure 3 . The limits of detection of the assay are pH 5.6 (at 1 mm) and pH 6.0 (at 20 mm); values from 5 through 15 mm are designated as "intermediate" (int) .
When roots were 25 mm in length, bordei cells were removed from the root by washing in water.
e Border cell number increases during development, as described by Hawes and Lin (1990). increased dramatically as border cell separation proceeded. Virtually all of the water-soluble JIMS-reactive material was eliminated if border cells and other extracellular exudates were washed from the surface of the root cap, but the amount of de-esterified pectin extractable from the cell wall with salt did not change with removal of border cells (Fig. 3) .
Changes in pH of the Cell Wall/Apoplast during Development
PME activity at the cell wall is thought to generate a pH gradient in vivo (Moustacas et al., 1986; Balestrieri et al., 1990; Charney et al., 1992; Goldberg et al., 1992) . If so, then the 4-to 5-fold variation in PME activity (Fig. 1) and associated increase in soluble de-esterified pectin (Fig. 3) that occurs during border cell separation is likely to influence the pH of cell walls at the root tip. An assay based on uptake of fluorescein into border cell progenitor cells in the periphery of the root cap was developed to test this hypothesis. Fluorescein is a weak acid that accumulates in cells with a pH higher than that of the apoplast, such that intracellular accumulation increases sharply as the pH of the apoplast is lowered. Dorhout and Kolloffel (1992) demonstrated empirically that in pea roots fluorescein accumulates in cells when the apoplastic pH is 5.6 or lower but not when the pH is higher than 6.0. Because peripheral root cap cells differentiate into hundreds of border cells within hours and staining is irreversible, it was possible to detect changes in fluorescein uptake into root cap cells by counting the proportion of fluorescent border cells that developed from the treated tissue.
When root tips, irrespective of root length, were incubated in buffered fluorescein with pH less than 5.6, cells of the tip became fluorescent, as described by Dorhouts and Kolloffel (1992) ; virtually all border cells that developed (99 ± 2%) from such roots were fluorescent. In contrast, when the pH was higher than 6.0, little uptake into root cap cells occurred, and only 4 ± 2% of the border cells that developed from these roots were fluorescent. Only cells whose viability was confirmed by observation of cytoplasmic streaming were included in the assay; viability of border cell populations was 90 ±4%.
When root tips were incubated in unbuffered fluorescein, the proportion of border cells that were fluorescent varied according to developmental stage. The percentage of fluorescent border cells increased in proportion to root length ( Fig.  4 ; Table II ). Fewer than 5% of border cells from 1-mrn roots were fluorescent, suggesting that the cell wall pH of nearly all progenitor root cap cells was greater than 6.0 at the time of incubation in fluorescein. In contrast, virtually all border cells from roots 20 mm or longer were fluorescent, suggesting that the cell wall pH of progenitor cells was uniformly lower than 5.6 (Fig. 4) . Percentages of fluorescent border cells from roots ranging from 5 to 15 mm in length increased from 50 to 85%, respectively. This result could occur if cell wall pH Vol. 106, 1994 is intermediate between 5.6 and 6.0 or if there is cell-to-cell variation in wall pH.
Acidic, de-esterified pectin increases at the same time that the pH decreases. If the decrease in pH is due to soluble PGA in intercellular spaces of the root cap, then extensive washing to reduce PGA should result in an increase in the cell-wall pH. When roots greater than 20 mm in length were washed for 1 h prior to incubation in fluorescein, the percentage of border cells that were fluorescent decreased from 100 to 50% (Fig. 4, arrow) .
DISCUSSION
High levels of PME activity are detectable in pea root caps. A single root cap contained up to 0.08 unit, sufficient to lower the pH of 3 mL of pectin by orders of magnitude within minutes. On a fresh weight basis, this level is equivalent to 170 units/g, nearly 10-fold more than PME levels in pea shoots (Pressey, 1984) . In contrast with PME in mung bean hypocotyls and soybean cell cultures, in which nearly all PME is cell-wall bound, a sigruficant fraction of PME in pea root caps is water soluble (Moustacas et al., 1986; Goldberg et al., 1992) . Such differences in amount and solubility of PME may reflect the fact that what happens in the root cap is fundamentally different from processes that may occur in shoots, hypocotyls, and cell cultures: in a matter of hours, thousands of border cells undergo a metamorphosis from intact tissue to separated cells. Release of cell-wall-bound PME activity into intercellular spaces could easily occur a5 cell-wall structural interconnections are dissolved.
Border cells and extracellular root exudates contain no PME activity. Given the high levels of PME activity in root caps, this abrupt loss of enzyme activity that occurs as border cells differentiate is surprising. Lack of gene expression is unlikely to account entirely for the absence of activity, because PME activity in the root cap remains stable at moderate levels even when &NA is undetectable. Recent results have shown that a drastic change in gene expression occurs upon differentiation of root cap cells into border cells, with selective synthesis of many new proteins and loss of many others (Brigham et al., 1993) . Whether this loss occurs as a result of selective degradation or other means is not yet known. Understanding the molecular basis for this switch may help explain how cell-wall-degrading enzymes like PME are regulated with sufficient precision to cause rapid cell separation without killing the cells. PME activity is present in root caps of diverse species. Of five plants tested, PME activity was detectable in crude extracts of root caps from all species except A . thaliana, including a monocotyledon as well as three dicotyledons. All four species with PME activity release large numbers of border cells daily under the experimental conditions used in this study, whereas Arabidopsis does not. Because developmental and environmental variables can influence levels of PME detectable in any given root, however, it is not possible to draw extensive conclusions about such differences until more information is available about border cell development in these other plants.
Unknown factors sometimes cause experiment-to-experiment variation in total PME activity. The variation does not appear to be a result of genotype, germination temperature, circadian rhythms, or light regimes. However, an increase in total units of PME activity during purification occurred ki more than 60% of experiments. One explanation for this result is that, under some experimental conditions, an inhibitor of PME activity is present in the same fraction of root extracts as the enzyme. An inhibitor of PME activity has been reported to be present in extracts of kiwifruit and has been proposed to be one method of regulation of PME activity in plants (Balestrieri et al., 1989) . PME activity has been detected in most tissues of plants, but its function(s) in plant growth and development remains unclear (Cosgrove, 1993; Hall et al., 1993) . PME activity is correlated with fruit softening during development, but nearly complete inhibition of PME activity in tomato fruit, and of associated effects on pectin esterificabon, has no obvious effect on fruit softening (Tieman et al., 1992; Hall et al., 1993) . The degree of esterification of pectin in the cell wall has been implicated in ion exchange (Mouijtacas et al., 1986) , in cell wall growth and extension (Chamey et al., 1992) , and in susceptibility of plants to microbial infection (Liu and Berry, 1991) . However, the mechanismls) by which such effects may occur and how plant PME genes may be involved are unknown (Knox et al., 1991) .
The generation of pH gradients by PME could be an important mode of regulation of cell-wall-degrading enzymes (Balestrieri et al., 1990; Chamey et al., 1992; Goldberg et al., 1992) . For instance, a PME-induced decrease in pH would be expected to inhibit its own activity, which ir; optimal at high pH values, and simultaneously would activate hydrolytic enzymes with low pH optima (Moustacas et al., 1986 ). In the current study, PME activity in pea roct caps was shown to be correlated with border cell separation, with deesterification and solubilization of pectin, with a lowering of cell-wall pH, and with inducible transcription 01: a root cap PME-encoding gene. These results are consistent with the following model: As radicles emerge, levels of de-esterified pectin in the root cap are low. By the time the root is 1 mm long, cell-wall-bound PME activity is detectable at high levels. This activity results in an increase in de-esterified, cellwall-bound pectin by the time the root is 5 to 10 mm in length, after which PME levels decline. De-esteIified pectin in the wall is accessible to degradation by hydrolytic enzymes with low pH optima, like PGs (Hawes and Lin, 1990; Fisher and Bennett, 1991) . Hydrolysis of pectic polymers leads to the onset of border cell separation when roots art' between 5 and 10 mm in length. Previously cell-wall-bound de-esterified pectin becomes water soluble in increasing amounts as more and more border cells separate. Concomitantly, the root cap is bathed in increasingly higher levels of water-soluble PGA, which results in a decline in apoplastic pH of cells within the root cap. Removal of border cells and i heir breakdown products has two effects: Nearly all water-soluble deesterified pectin is removed, and there is a measurable increase in apoplastic pH. Within 5 h, PME activity is induced by 300%' at least in part because of transcriptional regulation of a PME-encoding gene in the root cap, and new border cells can be collected.
If this model is correct, then inhibition of PME, activity in the root cap would be predicted to inhibit border cell sepa-ration. This prediction can be tested by direct manipulation of PME-encoding gene(s) such as PsPEl in root caps of transgenic plants. Irrespective of the role of PME in border cell development, the observed changes provide important insight into the dynamic nature of peripheral cells within the root cap. Changes in cell-wall pH and in degree of esterification and solubility of pectin at the root surface can profoundly affect many aspects of root function (Liu and Beny, 1991; Dorhout and Kolloffel, 1992) .
